Abstract. Self-assembly due to capillary forces is a common method for generating 2D mesoscale structures made of identical particles floating at some liquid-air interface. We show herein how to create soft entities that deform or not the liquid interface as a function of the strength of some applied magnetic field. These smart floating objects self-assemble or not depending on the application of an external field. Moreover, we show that the self-assembling process can be reversed opening ways to rearrange structures.
Introduction
Self-assembly offers opportunities for elaborating mesoscale structures between bottom-up and top-down fabrication methods [1, 2] . In particular, capillary driven selfassembly is a physical process in which small components form spontaneously an ordered structure along a liquid surface. Although numerous examples of capillary driven self-assembly have been given in the literature [3, 4] , the creation of complex structures or functional systems is still a challenge [5] .
When a few particles are placed on a liquid surface, the local deformation of the interface around each particle induces capillary interactions driving the system into random structures in most cases [6, 7] . A few models have been proposed to describe the capillary interaction of particles [8] [9] [10] . Vella and Mahadevan [11] rationalized this interaction for spherical particles only. Other approaches [12, 13] were proposed for non-spherical particles and complex objects. The cylindrical liquid profile, being the liquid elevation z i , around a spherical particle, labelled i, is given by
where Q i is called a capillary charge and corresponds roughly to a characteristic depth for the liquid deformation around the particle. The function K 0 (x) is the modified Bessel function of the second kind. The typical distance λ = γ/ρg, over which the liquid surface is deformed, is called the capillary length, which depends on surface tension γ and liquid density ρ. This characteristic length is close to λ = 2.7 mm for water. The scale λ gives the range of lengths corresponding to the mesoscopic world for capillary systems. In Eq. (1), the distance r is counted from the object center. When two distant particles, labelled i and j, are floating at the liquid surface, the interaction potential is given by
where the product of the capillary charges is found. This potential results from the superposition of the deformations z i and z j , which is assumed even if observations show that the superposition principle is a crude approximation [14] . Both attraction and repulsion can be obtained, depending on the respective signs of the capillary charges Q i and Q j . For distant objects (r ij /λ 1), the decay of K 0 looks like an exponential decay such that the interaction is driven by short range effects.
Some attempts have been made to control the capillary assembly by the use of an external field [15] . For example, Singh et al. [16] applied an electric field to eliminate the defects and control the spacing of monolayers. The curvature of the interface can also be employed to modify the assembly [12] .
When the particle shape differs from a sphere, or when the contact line oscillates along the particle sides, capillary multipole, i.e. the superposition of both positive and negative capillary charges, has been proposed for describing the deformation of the liquid around some anisotropic particles [17, 18] . These capillary multipoles were the key ingredients of our earlier works [19] . Indeed, we created cross-shaped objects with specific curvatures in order to induce local liquid deformations at the branch tips. Each tip is therefore characterized by a specific capillary charge. Using this method, we were able to program self-assembled structures with desired symmetries such as square and triangular lattices [19] . In the same study, we also demonstrated that complex arrangements with fivefold symmetries can be obtained.
In this paper, we propose to increase our knowledge about these capillary multipolar interactions by fabricating smart objects, i.e. floating entities that are able to change their interactions by the application of an external field. Our results will also contribute to the fabrication of active components for capillary driven self-assembly.
Methods
We created cross-shaped entities by polymer molding. We use liquid vinylpolysiloxane. The Young modulus of this polymer is low (Y ≈ 1 MPa) allowing for relevant elastic deformations [20] . The cross-shaped objects, as illustrated in Fig. 1 , have a hole in their center, in order to favor significant deformations of the four branches. The branch length is L = 10 mm and the branch width is = 4 mm. Near the center, a neodym magnet (1 mm thick) is inserted in each branch.
When a vertical magnetic field is applied through the system, the magnetic dipoles tend to orient themselves to the field orientation. This induces a deformation of the branches, as illustrated in Figs. 1(a) and 1(b) where the effect of respective downward and upward fields are shown on the same object. The magnetic field is generated by Helmholtz coils. As the object floats in the center of the coils, we can consider that the field is nearly uniform. It should be noted that capillary charges are expected to appear at the extremities of the branches. So, considering these charges are created by spherical particles, the leading dimension of the system is the branch width, which is of the order of the capillary length λ. Considering the capillary scale, our system belongs therefore to the mesoscale.
It should be remarked that depending on the orientation of the dipoles in the branches, a magnetic field can create either positive or negative capillary charges. This is of high interest in order to control repulsion / attraction between identical floating entities. For our study, we decided to work with a single configuration with all dipoles pointing on the center, as sketched in Fig. 1 . Following our previous works on capillary multipoles [19] , we expect that objects with similar capillary charges on all tips will induce a square lattice. In fact, different configurations are possible with a part of the magnets having a different orientation than others. A magnetic coding of the branches is possible but left for future works.
Due to the molding process, all the parts of the entities are not in contact with the same material when the vinylpolysiloxane cures. The contact angles of the different parts of the cross-shaped objects were measured with a contact anglemeter CAM 200 from KSV Ltd. All the parts of the entities are hydrophobic : the side and the lower faces, in contact with the polymer of the mold, have a contact angle θ l = 133 ± 1
• and the upper face, in contact with air, has a contact angle θ u = 98 ± 1
• . So, our objects are partially wetted. We create sharp edges between the side and the upper faces (see Fig. 1 ). Our objects being denser than water, the meniscus is therefore pinned on these sharp edges [21] . Pinning means that contact angle is no more a key property of our objects.
In order to study the self-assembled patterns, we used large Petri dishes, or even large containers, filled with pure water. The liquid-air interface is placed in a coil producing a uniform magnetic field, ranging from 0 G to 55 G. A camera takes pictures from above. For characterizing our multipoles, we used an optical method proposed by Moisy et al. [22] for imaging the small deformations of a liquid-B air interface around a single floating body. The method is based on light refraction. A random pattern is placed at the bottom of the container, the camera records pictures of that pattern through a flat interface, i.e. without any object. After placing the object at the interface, new pictures of the pattern are taken. Series of pictures, with and without objects, are compared. Then, image correlations are used to reconstruct the 3d shape of the interface.
Finally, it should be noted that the permanent magnets are located near the center of the floating bodies such that the interaction between dipoles coming from neighboring entities is weak but non zero. This effect will be discussed in sect. 3.2.
Results

Smart entities
We characterized the liquid deformations around each basic elements using the Moisy profilometry technique [22] . Experimental liquid profiles around the particles are shown in the color scale of Fig. 2 : red for positive deformation and blue for negative deformation. Two cases are shown :
(a) B = 0 and (b) B = 0 downward. In Fig. 2(a) , one expects a flat object with a limited deformation of the liquid surface. Nevertheless, one observes a negative deformation around the center of the object, being the consequence of the own weight of the object. Weak positive deformations can also appear near branch tips, due to the natural deformation of the object on the liquid surface. This nonzero deformation at B = 0 will be measured below.
In Fig. 2(b) , the magnetic field is switched on and strong deformations are observed near branch tips, as expected. The negative capillary charge observed in the center of the element seems also strengthened. In order to characterize the capillary charges created by our smart objects, we use as a model a linear combination of charges : a central pole Q c located at the center of the object and 4 identical dipoles placed along the branches. The dipoles correspond to a charge −Q br at the center of the object and an opposite charge +Q br located at the tip of the branch. Indeed, when we lift an arm the tip creates a positive capillary charge whereas the other extremity creates a negative charge. The data from Fig.  2 are fitted by this model of Eq. (1) with only two free fitting parameters, Q c and Q br . The resulting liquid profiles are shown in Fig. 3 . We can observe that our model is in good agreement with our experimental data, especially when the magnetic field is applied. The capillary charges Q br of the dipoles are then extracted from the model and shown as a function of B in Fig. 4 . The capillary charge increases linearly with the applied field strength. This can be understood from the following arguments. By defining the angle θ between each branch (each dipole) and the horizontal plane, one has a dimensionless deformation ε = sin θ and a capillary charge given by Q br = L sin θ. Considering the competition between both magnetic and elastic energies for each branch, one has some energy per unit volume given by
where Y is the Young modulus, µ being the dipole moment per unit volume, and 0 the natural deformation on the liquid surface for B = 0, as evidenced in Fig. 2(a) . The equilibrium situation, given by ∂u ∂ε = 0, is found, and the resulting capillary charge is
where Q br,0 = Lε 0 is the natural capillary charge. The above physical ingredients predict a linear behavior for the capillary charge as a function of B. The fit is given in Fig. 4 , in excellent agreement with our data. When the field is zero, the natural capillary charge on branches Q br,0 remains weak, around 0.003 mm. The ratio µB/Y should be considered as a magnetoelastic number which characterizes the ability to deform under a magnetic field.
From the above results, we can conclude that we created soft objects responding significantly to an external field. We can also extract from the data the change of the central pole as a function of B (see Fig. 5 ). Like the dipoles the central capillary charge is evolving linearly with the applied field strength. This can be understood from the following arguments. When the magnetic field is applied, the dipoles do not only rotate. They also exert a vertical force proportional to B that pushes the object down until the vertical component of surface tension counterbalances it. It increases the depth of the liquid deformation, in particular around the center of the object. So, it strengthens the capillary charge Q c . 
Self-assemblies
Let us now consider a few smart entities in a large container in order to avoid as much as possible the capillary interactions with the borders. Self-assembly takes place in the center of the container, where the magnetic field can be considered as nearly uniform.
Figures 6(a-f) present top pictures of Petri dishes in which freely floating entities are in interaction. In the first picture (a), the entities are interacting without the presence of an external field. The entities are flat and only weak deformations of the liquid-air interface are expected. The weak capillary interactions are in fact completely dominated by the magnetic repulsive interactions between neighboring entities. As a result, the floating objects remain separated from each other. They possess particular relative orientations. Because of the dipole-dipole repulsive interactions, two neighboring objects separated by some distance tend to rotate by 45
• from each other. This effect can be well observed in Fig. 6(a) .
In Fig. 6(b) , a vertical magnetic field is applied through the system, starting from the situation (a). The local deformations induce positive capillary charges at each tip such that the capillary interactions become more and more important as the field increases. A square pattern emerges when capillary interactions dominate magnetic repulsion. The self-assembly into a crystal-like structure can therefore be induced by the external field. 
Annealing
When the structure is created with a strong magnetic field, one observes the formation of an imperfect crystal with defects such as vacancies and grain boundaries, as seen in Fig. 6(b) . The ordering of the floating particles is incomplete but they stick together. By decreasing or suppressing the external field, one expects that the magnetic entities inserted in the objects dominate the capillary forces such as particles detach from each other, keeping nearly similar positions and orientations. The melting of the self-assembly is indeed observed in Fig. 6(c) when the field of Fig. 6(b) is switched off. The capillary driven self-assembling process is therefore reversible. This allows a slow reorientation of the particles. A second self-assembly, when the field is switched on, is showing a better arrangement. See Fig. 6(d) . Less defects are seen in the square pattern.
Annealing cycles can be considered to decrease the fraction of defects in the target structure. Figures 6(e-f) show a third cycle, improving again the structure. This should depend on parameters such as (i) timescales for vanishing/increasing magnetic fields, (ii) strength of the magnetic fields and (iii) cycle numbers. It is of interest to study the way structures can be improved by annealing but this remains outside the scope of the present paper.
Summary
We created smart entities for capillary driven self-assembling along a liquid interface. By smart we mean entities that are able to modify their interaction from the application of an external field. We show that magnetic inclusions in elastic objects are able to deform the entities. The process is reversible allowing to both aggregation and separation processes. We show that annealing can be considered to improve the quality of resulting self-assemblies thanks to the reversible character of the processes.
It should be remarked that such material can be used to any small elastic object. By small, we consider that the gravity effect should be dominated by magnetoelastic effects. Magnetic remanence could be also used to induce a memory of the intial shape [23] . Many applications can be found in microfabrication as well as in self-assembled robotics. Indeed, oscillating fields may induce locomotion as recently demonstrated in [23] [24] [25] [26] .
